Summary P-selectin (GMP-140, PADGEM, CO62P) is a cell adhesion reeeptor which is believed to play an important role in inilammatory diseases by supporting leucocyte rolling P-selectin is located on the granule membrane of WeibelPalade bodies in resting endothelial cells and is expressed on the cell surface during ceHular activation with various stimulators such as thrombin. Thereafter, P-selectin is internalized and sorted to the Golgi region and Weibel-Palade bodies again. However, wheiher P-selectin is re-expressed upon subsequent cellular stimulation has, to date, been unclear.
upon subsequent cellular stimulation has, to date, been unclear.
To address this question, we measured the cellular contcnt and surface expression of p-selectin, using indirect immunofluorescence and confocal laser cytometry. Surface expression of P-selectin reached a maximum < 2 min after thrombin stimulation and declined to basal levels after 1 80min. Rechallenge with thrombin induced rapid surface re~3xpression of P-selectin, which was independent of de novo protein synthesis, since cycloheximide did not inhibit re~xpression, Moreover, re~xpressed P-selectin supported the adherence of HL60 promyelocyiic cells.
These results clearly demonstrated that functional P-selectin molecule was recycled aftcr repeated stimulation with thrombin, raising the possibility that P-selectin is involved in chronic innammation.
Keyuronds: adnesion, chronic innammation, recycling, protein synthesis, degranulation. P-selectin (GMP-140. PADGEM. CO62P), a cell adhesion molecule of the selection family, is located on the granule membrane of either Weibel-Palade bodies of endothelial cells or on alpha-granules of platelets at rest, and is rapidly redistributed to the plasma membrane during cellular activation and degranulation (Hsu-Iin et al, 1 984: McEver & Martin, 1984 : Berman et al, 1986 McEver et al, 1989; Hattori et al, 1989a) . P-selectin disappears from the endothelial cell surface after 60-75mjn of stimulation (Hattori et al. 1989a : Sugama et al, 1992 and is believed to be internalized and returned to the Golgi region and Weibel-Palade bodies (Subramaniam et al, 199 3; Disdier et al, 1992; Green et al, 1994) .
On endothelial surfaces. P-selectin supports leucocyte roWng by shear-resistant, Ca2+_dependent interactions with its ligands on the leucocytc surface (Geng at al, 1990, 199 1;  Correspondence: Dr Hideto Kameda. Department of Internal Medicine, Keio University School of Medicine, 3 5 Shinano-machi, Sbjnjnku-ku. Tokyo 160, Japan. 348 Zhou et al, 1991 : Lawrence & Springer, 1991 . The role of P-selectin is thought to be important, especially in the earlier phase of inilanunation, because surface expression of P-selectin is rapidly induced via translocation of the molecule, whereas de novo synthesis of E-selectin (Bevilacqua et al, 1 98 7) and one of the ligands of L-selectin (Spertini et al, 1 99 1 ) Is reportedly induced by cylokine activation. However, recent evidence suggests that P-selectin plays an important role even in states of chronic inflammation such as rheumatoid arthritis (Grober et al, 1993 : Johnson et al, 1993 and inflammatory bowel diseases (Nakamura et al. with the low level of net synthesis of this molecule Adherence assay. The promyelocytic lenkaemia cell line detected by cultured human umbilical vein endothelial HL60 was kindly provided by Dr M. Kizaki (Kizaki et al, cells (HUVEC), 1994) and cultured in RPMI-1640 with 100/0 FBS. HL60 cells were radiolabelled by incubation with 51 Cr (3 7 kBqll06 cells) at 3 7'C for 120min, washed twice with PBS, and MATERIALS AND METHODS resuspended in medium (5 x l06 cellslml). HUVEC monoMaterials. Bovine serum albumin (BSA) and fluorescein layers in 24-well plates were sttmulated with thrombin Isothiocyanate (FITC)-conjugated anti-mouse lgG monoclo-( I Ulml) for the indicated times, washed twice with nal antibodies (nlAbs) were obtained from Wako Chemicals CM-PBS on ice, fixed with 1"/~ PFA/CM-PBS for 10 min, and (Tokyo. Japan). Anti-P-selectin mAbs WGA-1 (Katayama washed twice with CM-PBS. 51Cr-labelled HL60 cells (5 x l06 et al, 1992) and CY-1747 (Papayianni et al, 1995) were cells/ml) were distributed at 2SOlrl per well over the HUVEC kindly provided by Takara Shuzo Co. (Otsu, Iapan) and and incubated for 10min at room temperature with gentle Dr S. Morooka (Sumitomo Pharmacy Co.. Osaka, Japan), shaking (60rpm with an orbital shaker, Renover Science Co., passaged at a I : 2 split ratio. P-selectin ceH surface expression exclusively on primary culture Indirect immunofluorescence. Unless otherwise indicated, HUVEC primary HIJVEC were used after 2-3 d of culture. HuvEC Indirect immunofluorescence and confocal laser cytometry were incubated with I U/ml thrombin at 3 7'C for the revealed nearly undetectable surface expression of P-selectin indicated times, or repeatedly with a 1 80min interval, in resting cells, and maximal expression within 5 min after and immediately placed on ice. In some experiments cells thrombin (1 U/ml) stimulation, although there was some were exposed to thrombin in serum-free medium for 5 min variability in the amount of P-selectin expression among and incubated for a further 1 75 min in fresh prewarmed cells (Fig l) , consistent with a previous study (Hattori et al, serum~;ontaining medium. Cells were washed twice with 1 989a).
phosphate-buffered saline containing I nlM CaC12 and I mM Cornparison of P-selectin surface expression in primary.
MgC12 (CM-PBS), and incubated with 1"/. paraformalde-first-and second-passage cultures of HUVEC (Fig 2) hyde in CM-PBS (PFA/CM-PBS) at 4'C for lOmin, followed demonstrated almost exclusive P-selectin expression in the by washing twice with CM-PBS. In these conditions HUVEC primary cultures. Moreover, when primary culture cells remained impervious to trypan blue. When total cellular were examined after more than 5 d, i.e. when cells were content of P-selectin was investigated, HUVEC were further oonfluent. P-selectin expression on endothelial cells stimu- . conjugated anti-mouse lgG (1:100 diluted with I o/. BSA in The time course of ceuular P-selectin expression on CM-PBS, 2 50 /tl/well) at room temperature for 30 min. Cells endothelial cells after challenge with thrombin (Fig 3) was were washed five times with CM-PBS and assessed for sirnilar to that previously reported (Hattori et al, 1989a ; fluorescence iptensity using a laser-emission confocal Sugama et al. 1 992) . The response was maximal within a To determine whether P-selectin is re~xpressed after its disappearance from the endothelial cell surface. HIJVEC were sequentiany incubated with I U/ml of thrombin at 37'C for S min, fresh medium for 17Smin, and I U/ml of thrombin for S mtn. A maximum of three thrombin challenges were performed. HuvEC monolayers fixed with 1% PFA/CM-PBS and examined by immunofluorescent assay showed P-selectn re~xpression ou the cell surface upon rechauenge with thrombin (Fig 4) , although expression levels at the second or third stimulation were lower than those at the frst stimulation. When HUVEC were exposed with thrombin (1 U/ml) in serum-containing medium for 180min and rechallenged wlth the same concentration of thrombin (1 U/ml), almost sinular results were obtained, which suggested that thrombin was inactivated within l 80 min in the presence of HUVEC and/or serum. Thrombin-induced re-expresslon of P-selectin on HUVEC, Cens were exposed to thrombin (1 U/ml) in serum-free medium for 5 min at 3 7'C, incubated for a further 1 7S min in lresh prewarmed serumcontatning medium, and then rechallenged with thrombin. pretreatment for 1 8 h showed essentially the same effect as Analysis of total cellular content of P-selectin in cycloheximide (data not shown). However, cyclohexlmide
HuvEC treated with 0•2% sapontn to permeabilize the showed an inhibitory effect, to some extent, on the intermembrane (Fig 5) revealed only a slight decrease in nalization of p-selectin, which suggests that internalization, P-selectn levels dudng cenular activation with thrombin, but not surface expression, of P-selectin requires proteins which suggcsts that most of the surface-expressed P-selectin which are actively synthesized.
was tnternalized but not released into the culture supernatant (by proteolytic cleavage or via microvesicles), and was re~;xpressed on the ceu surface upon repeated Adherent function of P-selectin re-expressed on the endothelial thrombin challenge.
cell surfaces
To determine whether re~~xpressed P-selectin retains were activated with thrombin for 5 min (Fig 7) . Afiter PFA/CM-PBS, and analysed by indirect immunofluorescence 1 75 mjn, HL60 cell adherence decreased to prestimulation assay. Cycloheximide pretreatment showed no significant effect on either expression or re-expression of P-selectin of levels (2•4 with thrombin for 5 min, adherence again increased to thrombin~hauenged endothelial cells (Fig 6) , although this 4•O'/., which was signfficantly hlgher th pretreatment of cycloheximide always showed almost (P < O•Ol), but significantly lower tha complete inhibition (>90%) on TNFa-induced E-selectin the frst thrombin chanenge. These observations are expression (data not shown), which further suggested consistent with the changes in P-selectin expression levels that P-selectin was re-expressed on the endothelial cell on the endothelial cell surface and suggest that re~xpressed surface after repeated thrombin activation via a recycling P-selectin retains adherent function. of the molecule. Moreover, 2 • 5 ,rg/ml of actinomycin D C 1997 Blackwe~ Science Ltd. British lournal of Haematology 97: 348-3 55 * * participation of P-selection in chronic inflammatory diseases. We have shown that P-selection on endothelial cells was internalized after translocation to the cell surface, in ,o 6 contrast with platelets where P-selectin molecules remained ,D on the cell surface (George et al, 1986) , and was re-expressed o o on the endothelial cell surface folbwing repeated chauenge = ~~ 4 Most studies of P-selectin expression on endothelial cell o surface have used radiolabelled anti-P-selectin antibodies * o and confluent cells (Hattori et al, 1 989a, b; Sugama et al, JE 1' ,e 1 992). Our immunofluorescence assay using a confocal ~F 2 Iaser cylometer enabled the quantitation of P-selectin expression in individual cells during cellular activation and degranulation. Only primary cultures of HuvEC expressed significant amounts of P-selectin upon thrombin stimulao tion. This contrasts with the reported P-selectin expression contrd t,1romb(n upon thrombin chaHenge of HUVEC at 1 7-24 passages trtromben (-) s min (Sugama et al, 1992) . To examine the mechanism respon- , and then rechallenged with thrombin for 5 min (fourth Was increased (data not shown), which suggested that the colu!nu)-HUVEC monolayers were fixed with 1% PFA/CM-PBS and net P-selectin synthesis in cultured HIJVEC was low and washed twice with CM-PBS. 2 SO pl of 51Cr-labelled HL60 ceH diluted during ceHular divisions. Recently, the structure and suspenstons (5 x l06 cellslml) were added to HUVEC manolayers function of the promoter for the human P-selectin was and incubatcd at room temperature for 10 min with gentle shaking. characterized (Pan & McEver, 1995) . It contains a unique Non-adhcrent cells were removed, and residual cebs were lysed with NF-kB site, which biuds to constitutive nuclear protein 0'1%SDS + o'25N NaOH and countcd for radioactivity. Values were complexes containing p50 or p52, but not to inducible mean (SEM); n = 3 for each condition. Data are representative of two nuclear protein complexes containing p65. These findings independent experiments with superilnposable results. ** Indicates signtficant difference (P < O•OI ) from control value. suggest that P-select
We therefore used only primary HUVEC cultures within 2-3 d of Isolation for our experiments. DISCUSSION P-selectin was re~;xpressed without new protein synthesis. Thls rcsult supports the reinternalization and
In the present study we provide evidence for the recycling of recycling hypothesis of P-selectin in endothelial cells. The P-selcctin in endothelial cells. At the site of inflammation, possibility that a small amount of P-selectin was exposed to leucocyte-endothelial interactions such as rolling, tight proteolytic cleavage or secreted in microvesicles after surface adhesion and mutual activation, and transmigration play expression could not be completely ecluded, because the a key role (Butcher, 1991) and many adhesion molecules amount of P-selectin expression gradually decreased with on leucocyies or endothelial cells have been reported to repeated stimulations. However, this possibility seems participate in this context. These molecules include L-unlikely, since the total cellular content of P-selectin selectin and p2-integrins (CD1la/CO18, CO1lb/CO18) decreased only slightly (compare Figs 5b and d to Figs Sf on leucocytes, P-selectin and E-selectin on endothelial cells, and h), and the amount of P-selectin in the culture and intercellular adhesion molecule-1 (ICAM-1) and plate-supernatant was below the detection threshold of the let/endothelial cell adhesion molecule-1 (PECAM-1) on both ELISA kit used (data not shown). Alternatively, some of the cell types (Springer, 1990 : McEver, 1991 : Butcher, 1991 ; internalized P-selectin molecules may by transported to Muller et al, 1993) . P-selectin has been thought to be lysosomes and exposed to enzymatic degradation, as especially important in the early phase of inflammation, reported for P-selectin-transfected CHO cells (Green et al. since it is immediately, albeit transiently, expressed and 1 994). Other mechanisms such as down-regulation of exerts its function to attach leucocytes. We therefore the thrombin receptor or of a protein kinase responsible investigated the turnover of P-selectin to determine whether for P-selectin expression may account for this phenomenon. it ts re~3xpressed on the endothelial cell surface, after once Moreover, the response of endothelial cells to a second expressed and internalized, and whether it retains its thrombin challenge is likely to occur via newly surfaceadherent function. Such re-expressiQn would reprcsent a expressed receptors from the intracellular pool after the first role in 'focal' surveillance as compared with T cells which thrombin stitnulation, since thrombin at I U/ml has been reported to cleave essentially all of its receptors on the endothelial cell surface (Wooucahs et ed, 1995) .
In conclusion, we used an trnmunofluorescent procedure to demonstrate that P-selectin was re-expressed on the endothelial ceu surface upon repeated stimulation with thrombin, without new protein synthesis, indicating the reinternalization and recycling mechanism of this molecule.
Our data also suggest that the net amount of P-selectn synthesis in endothelial cells, at least HUVEC, is small during culture, consistent with the existence of a recycllng mechanism for P-selectin molecules.
